lished January 31, 2014; doi:10.1152/ajplung.00157.2013.-Tracheobronchial submucosal glands (SMGs) are derived from one or more multipotent glandular stem cells that coalesce to form a placode in surface airway epithelium (SAE). Wnt/␤-catenin-dependent induction of lymphoid enhancer factor (Lef-1) gene expression during placode formation is an early event required for SMG morphogenesis. We discovered that Sox2 expression is repressed as Lef-1 is induced within airway SMG placodes. Deletion of Lef-1 did not activate Sox2 expression in SMG placodes, demonstrating that Lef-1 activation does not directly inhibit Sox2 expression. Repression of Sox2 protein in SMG placodes occurred posttranscriptionally, since the activity of its endogenous promoter remained unchanged in SMG placodes. Thus we hypothesized that Sox2 transcriptionally represses Lef-1 expression in the SAE and that suppression of Sox2 in SMG placodes activates Wnt/␤-catenin-dependent induction of Lef-1 during SMG morphogenesis. Consistent with this hypothesis, transcriptional reporter assays, ChIP analyses, and DNA-protein binding studies revealed a functional Sox2 DNA binding site in the Lef-1 promoter that is required for suppressing ␤-catenin-dependent transcription. In polarized primary airway epithelium, Wnt induction enhanced Lef-1 expression while also inhibiting Sox2 expression. Conditional deletion of Sox2 also enhanced Lef-1 expression in polarized primary airway epithelium, but this induction was significantly augmented by Wnt stimulation. Our findings provide the first evidence that Sox2 acts as a repressor to directly modulate Wnt-responsive transcription of the Lef-1 gene promoter. These studies support a model whereby Wnt signals and Sox2 dynamically regulate the expression of Lef-1 in airway epithelia and potentially also during SMG development.
Lef-1; promoter; Sox2; submucosal glands; Wnt SUBMUCOSAL GLANDS (SMGs) reside within the mesenchyme beneath the surface airway epithelium in most mammalian cartilaginous airways. In mice, airway SMGs are limited to the proximal portion of the trachea. SMGs secrete antimicrobial mucous and serous fluids that are essential to normal lung function and innate immunity. It has become increasingly recognized that dysfunctions of SMGs may contribute to many respiratory pathologies. For example, SMGs are a niche for slow cycling stem/progenitor cells (6, 8, 15) that is affected by CFTR dysfunction in cystic fibrosis (50) . Additionally, many hypersecretory lung diseases such as cystic fibrosis, bronchitis, and asthma lead to expansion of gland mass through hypertrophy and/or hyperplasia (17, 22, 36) . The development and maintenance of SMGs is precisely coordinated by complex reciprocal interactions between the surface epithelium and the surrounding mesenchyme. During SMG development, signal transduction events induce transcriptional changes that coordinate the maturation of glands from primordial glandular placodes (PGPs), which are morphologically distinguishable as clusters of epithelial progenitor cells basally orientated within the surface airway epithelium, into fully developed SMGs consisting of intricately branched networks of secretary acini, tubules, and ducts (8, 27, 28) .
One of the key signaling pathways that mediates the maturation processes of PGPs is the Wnt/␤-catenin signaling pathway, which provides a stimulatory signal to promote airway epithelial invagination, proliferation, tubulogenesis, and gland formation (10, 27) . In PGPs, canonical Wnt/␤-catenin signaling induces transient expression of lymphoid enhancer-binding factor 1 (Lef-1), a member of the T cell factor (TCF) family transcription factors (5, 10, 11) . Lef-1 is one of the most well-characterized transcription factors downstream of the Wnt/␤-catenin signaling pathway, and it is known to mediate the formation of epithelial structures, including the intestinal epithelium, hair follicles, taste buds, and mammary glands (5, 21, 28, 34, 49) . Lef-1 knockout mice have abnormal development of mammary glands, teeth, and airway SMGs (5, 9, 13, 27, 46) . In contrast, aberrant overexpression of Lef-1 in conjunction with hyperactive Wnt signaling has been observed in some hyperproliferative conditions, including colon cancer (1) .
Lef-1 interacts with ␤-catenin and is recruited to specific Wnt-responsive gene promoters such as CCND1 (cyclin D1) to control proliferation (40) and genes encoding cytokeratins that may reflect changes in cellular differentiation (53) . Members of the TCF family, including Lef-1, share a similar high-mobility group (HMG) DNA binding domain as well as an NH 2 -terminal ␤-catenin binding domain (1) . However, Lef-1 is not redundant among other members of the TCF family in the context of Wnt activation and lineage specification during airway glandular development (10, 13, 27) . Thus dissecting the mechanisms of transcriptional regulation of Lef-1 expression during SMG development will provide insights into early molecular events involved in lineage specification of glandular stem cells.
Transcriptional activation of Lef-1 within the Wnt/␤-catenin pathway has been extensively investigated, yet questions still remain. Previous studies have discovered that Wnt signaling transcriptionally regulates the Lef-1 gene through a 110-bp Wnt responsive element (WRE) within the Lef-1 promoter (Ϫ879 to Ϫ769 bp), which is required for Wnt3a responsiveness in various cell lines (16) . Deletion of this region results in a loss of Lef-1 promoter activity in many developing epithelial appendages in mice (11, 29) . Additional studies of the Lef-1 promoter have identified several TCF factor-binding sites that function to regulate Wnt-mediated transcription (1, 16, 26, 30) . These studies show that various TCF-binding sites can result in a multiplicity of inhibitory and stimulatory effects on Lef-1 transcription in a context-dependent manner (30) . Furthermore, recent studies have begun to appreciate the role of Sox (SRYrelated HMG box) family transcription factors in regulating Lef-1. For example, Sox17 suppresses Wnt/␤-catenin-dependent transcription of Lef-1 by directly binding to multiple TCF factor binding sites (30) .
Since both Sox2 and Sox17 play key roles in airway epithelial lineage specification and proliferation (18, 20, 25, 38, 45) , determining whether Sox2 also regulates Lef-1 in the airway is of general importance. Sox2 plays a crucial role in maintaining adult airway epithelium. Deleting Sox2 in adult mice leads to a loss of a subset of Clara cells, ciliated cells, and basal cells, which results in a reduced ability to recover from injury (39) . Sox2 is also thought to antagonize Wnt signaling during taste bud formation, lung development, and bone formation (18, 20, 32, 35) . One potential mechanism to explain the ability of Sox2 to inhibit Wnt signaling is that Sox2 is capable of directly binding to ␤-catenin and inhibit activity of the ␤-catenin/TCF/ Lef-1 transcriptional complex (32) .
Given that Sox2 plays important roles in regulating cell phenotypes in the airway and has the ability to influence Wnt/␤-catenin signaling, we hypothesized that Sox2 may directly regulate the expression of the Lef-1 gene in airway epithelia during SMG development. In support of this hypothesis, we observed that Sox2 and Lef-1 protein expression is reciprocally regulated during early stages of SMG morphogenesis when Wnt/␤-catenin signaling is induced. At the early stages of PGP formation, Lef-1 expression is induced with ␤-catenin activation while Sox2 expression is inhibited. A similar reciprocal pattern of Sox17 and Lef-1 expression in developing PGPs has also been reported (30) , suggesting that Sox2 and Sox17 may dynamically regulate Lef-1 expression during gland development. Using polarized primary airway epithelia and human lung-derived cell lines, we demonstrated that indeed Sox2 can modulate transcription of the Lef-1 gene in a manner both dependent and independent of Wnt/␤-catenin signaling. DNA-protein interaction and ChIP analyses confirmed that Sox2 binds directly to the Lef-1 promoter at multiple TCF and Sox binding sites. Sox2-mediated inhibition of ␤-catenin-dependent activation of the Lef-1 promoter was most significantly tied to a Sox2-binding site within the WRE region. Interestingly, Sox2 binding sites within the Lef-1 promoter overlap with those previously reported for Sox17 (30) . However, Sox2 appears to play a dominant role in regulating Lef-1 transcription in polarized primary airway epithelia, since deletion of Sox2, but not Sox17, significantly enhanced Lef-1 mRNA expression. In summary, our studies reveal that Sox2 can directly regulate Lef-1 transcription by binding at multiple sites within its promoter. These mechanisms likely coordinate the spatial control of Wnt/␤-catenin signals important for lineage specification of glandular progenitors during early stages of airway SMG morphogenesis. (48) , and ␤-catenin reporter mice or "BAT-gal" mice, B6.Cg-Tg(BAT-lacZ)3Picc/J (stock no. 005317) (33) , were purchased from the Jackson Laboratory. ROSA-CreERT2/Sox2
MATERIALS AND METHODS

Transgenic
COND/COND double transgenic mice were achieved by mating Sox2 COND/COND to ROSACreERT2 mice. All mouse strains were on a C57BL/6J background (at least 8 times backcrossed) with the exception of Lef-1 knockout mice, which was on a mixed C57BL/6J:ICR background.
Immunofluorescence staining. Immunofluorescence staining was conducted on 8-m frozen sections of mouse trachea, using a rabbit anti-mouse Lef-1 antibody (1:1,000, 2230B, Cell Signaling Technology), a goat anti-human Sox2 antibody (1:200, AF2018, R&D Systems), or a rabbit anti-mouse keratin-14 antibody (1:200, RB-2090, Lab Vision). Sections were fixed in 4% paraformaldehyde at room temperature for 20 min, followed by incubation in 0.2% Triton X-100 PBS solution at room temperature for 20 min. The sections were then incubated with blocking buffer containing 20% donkey serum in PBS at room temperature for 1 h. The mixture of primary antibodies was applied in blocking buffer with reduced donkey serum (1%) at 4°C overnight. After washing, a mixture of secondary antibodies (1:250 dilution of FITC-labeled donkey anti-goat IgG and Texas Red-labeled donkey anti-rabbit IgG; Jackson ImmunoResearch Laboratories) in buffer containing 1% donkey serum was applied at room temperature for 2 h. The sections were then washed and mounted in Vectashield Mounting Medium containing DAPI (H-1200; Vector Laboratories).
Cell lines and transient transfection experiments.
For studies involving Sox2/␤-catenin responsiveness of the Lef-1 promoter, a ␤-catenin-S37A dominant active mutant and mouse Sox2 expression plasmid were cotransfected with the previously described Lef-1 promoter-luciferase reporter plasmid (pLFϪ2700/Ϫ200-Luc) (30) . The Lef-1 promoter in this construct encompassed Ϫ2,700 to Ϫ200 bp of the human Lef-1 promoter relative to the translational start site of the Lef-1 protein (16) . For these studies, both HEK293T and A549 cell lines were purchased from American Type Culture Collection (ATCC) and grown in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were grown to ϳ60 -70% confluency before being transfected using Lipofectamine-LTX (Invitrogen Life Technologies) according to the manufacturer's instructions. Transient transfection reporter assays were performed in six-well plates and utilized 0.2 g of the Lef-1 promoter-luciferase reporter, 0.1, 0.2, or 0.4 g of the ␤-catenin-S37A mutant and/or Sox2 expression plasmids, and 0.01 g of the pCMV-Renilla luciferase plasmid (Promega) as an internal control for transfection efficiency. The total amount of DNA transfected in all experiments was normalized with an empty control plasmid (pcDNA3.1; Invitrogen). Transfections were carried out in serum-free medium, and cells were harvested for the firefly and Renilla luciferase assays at 48 h after transfection, as previously described (30) . Protein was prepared for the assays by washing the cells in PBS, followed by lysis in 1ϫ Passive Reporter Lysis Buffer (E1910, Promega). Protein concentrations were determined using the Bradford method, and all lysates were normalized to the same protein concentration using the lysis buffer. Ten micrograms of total cellular lysate was used for measurements of the relative luciferase activity units (RLU), for both firefly and Renilla luciferase, using the Dual Luciferase Assay kit (E1980, Promega). Transfection efficiencies were normalized by dividing the relative firefly luciferase units by the relative Renilla luciferase units. Following normalization, values were represented as RLU.
Western and Northern blots. Western blots were performed with 100 g of total cell lysate using goat anti-human Sox2 (1:1,000, AF2018, R&D Systems) and mouse anti-human Lef-1 (1:1,000, T100M, Exalpha Biologicals) antibodies. For Northern blots, 20 g of total RNA was isolated from cell cultures using the TRIzol reagent (15596 -018, Invitrogen) and was separated on agarose-formaldehyde gels in MOPS buffer. Gels were then transferred to Hybond-N ϩ membrane (RPN2250B, Amersham Biosciences). The membranes were prehybridized in prehybridization buffer [50% (vol/vol) formamide, 0.9 M NaCl, 60 mM NaH 2PO4, 6 mM EDTA, 5X Denhardt's solution, 1% SDS, 200 g/ml denatured shearing salmon sperm DNA, 10% dextran sulfate] at 42°C for 1 h prior to hybridization with 200 ng/ml of denatured biotinylated DNA probe at 42°C overnight. A full-length human Lef-1 or Sox2 cDNA was used as the DNA probe, which was biotinylated using the NEBlot Phototope Kit per manufacturer's instruction (N7550, New England Biolabs). The blots were developed by chemiluminescence using the Phototope Star Detection Kit (N7020, New England Biolabs).
Chromatin immunoprecipitation assays (ChIP). For preparation of a single ChIP assay, three 150-mm plates of A549 cells were fixed and harvested for ChIP. Formaldehyde cross-linked DNA-protein complexes were sheared by sonication, to an average fragment length of ϳ200 bp, diluted 1:10 with the ChIP dilution buffer, followed by preclearing with protein A agarose beads according to protocol of the manufacturer of the EZChIP Kit (17-371, Upstate Biologicals). Precleared DNA-protein samples were used for the ChIP assays. For immunoprecipitation, 10 g of anti-Sox2 antibody (no. AF2018, R&D Systems), anti-␤-catenin antibody (ab6302, Abcam), or nonimmune control IgG antibody was added to the ChIP reaction mixture. The recovered immunoprecipitated DNA was detected by PCR and DNA agarose gel electrophoresis using 3 l of the final DNA precipitate. PCR was carried out for 35 cycles, each at 95°C for 15 s, 62°C for 30 s, and 72°C for 45 s. Nine primer sets were used to survey the 2.5-kb human Lef-1 promoter locus ( Table 1) .
Mutagenesis of Lef-1 promoter-reporter constructs. The QuikChange MultiSite-Directed Mutagenesis kit from Stratagene was used to generate three mutated LFϪ2700/Ϫ200-Luciferase Lef-1 promoter activity reporter plasmids. Putative 6-bp Sox2 binding sites were mutated by changing A ¡ C, T ¡ G, C ¡ A, or G ¡ T. Mutated synthetic oligonucleotides used in the NoShift assay reflected the changes generated in the full-length promoter site-directed mutagenesis. The oligonucleotide sequences used to generate mutations within the Lef-1 promoter are listed in Table 2 .
Purification of V5/his-tagged Sox2 mouse proteins. The mouse Sox2 cDNA was cloned in-frame into the pET151/D-TOPO vector backbone using the Champion pET Directional TOPO Expression Kit (K15101, Invitrogen), which generates an NH 2-terminal V5/Histagged fusion protein in bacteria. The QuikChange MultiSite-Directed Mutagenesis Kit (200519, Stratagene) was used to generate two mutant Sox2 variants with single amino acid changes (M49A and L97P). The oligonucleotides used to generate Sox2 variants M49A and L97P are listed in Table 3 . Resultant clones were confirmed by DNA sequencing. V5/His-tagged bacterial fusion proteins were purified by HPLC using a HisTrap HP column (17-5249-01, GE Healthcare Life Sciences), and the size of the purified protein was confirmed by SDS-PAGE and Western blotting with anti-V5 antibody Invitrogen) . Concentrations of the purified proteins were normalized using the Bradford method, and aliquots were stored at Ϫ80°C until further use.
ELISA based assay for DNA/protein interaction (NoShift assay). To test whether Sox2 binds to putative consensus Sox DNA binding sites in the Lef-1 promoter, an ELISA based DNA-Protein interaction assay was used. Purified synthetic 5= biotin-labeled oligonucleotides were annealed to non-biotin-tagged complementary oligonucleotides (see Table 4 ). The annealed products were purified using a 7.5% polyacrylamide gel in 0.5X TBE buffer, and the concentration after purification was determined by slot blot titrations using the NEB Phototope-star kit (N7020, New England Biolabs). Two nanograms of 
a Base pair position is relative to the translational ATG start site (ϩ1) in exon 1 of the human Lef-1 gene. 
a Three putative Sox binding sites within the human Lef-1 promoter were selected for mutation analysis.
b Base pair position is relative to the translational ATG start site (ϩ1) in exon 1 of the human Lef-1 gene.
c The mutated sequences are shown in lowercase and bold.
purified wild type (WT) Sox2-V5-His-tagged protein or mutated Sox2-V5-His-tagged proteins was mixed with 10 ng of the biotinylated oligonucleotides and brought to a final volume of 100 l with binding buffer. The binding buffer contains 33 g/l poly(dI-dC) (P4929-25UN, Sigma), 100 ng/l salmon-sperm DNA (15632-011, Invitrogen), 20 mM HEPES (pH 8.0), 2 mM PMSF, 5 mM MgCl 2, 100 mM KCl, and 5% glycerol in nucleotide-free water. After the mixture was incubated on ice for 45 min, 100 l was applied onto a streptavidin-labeled 96-well plate (no. 15120, Thermo) and incubated at room temperature for 2 h. After five PBS washes, the V5-Histagged Sox2 proteins that bound to the biotinylated oligonucleotides were detected using goat anti-V5 antibodies (1:1,000, 46 -0705, Invitrogen), and HRP-conjugated anti-goat secondary antibody (1: 5000, Jackson ImmunoResearch Laboratories) was used to perform ELISA reactions.
Generation of air-liquid interface (ALI) cultures of polarized mouse airway epithelia and treatment conditions
. ALI cultures were generated with primary tracheal airway epithelial cells obtained from Sox2
COND/COND and wild-type C57BL/6J mice. Previously described procedures for isolation and culturing of mouse primary airway epithelia in ALI cultures were used (50) . Briefly, pronasedissociated cells from each experimental trachea were panned to remove fibroblasts, and the nonadherent cells were seeded onto collagen Type I-coated Millicells. Cultures were incubated for 4 -6 days in BEGM medium prior to being cultured in USG supplemented differentiation medium on the basolateral side only and cultured at an ALI for an additional 2 wk. For experiments knocking down Sox2 expression, Sox2 COND/COND ALI cultures were infected with Cre-EGFP-expressing recombinant adenovirus (Ad.CRE) at a multiplicity of infection (MOI) of 10 4 particles/cell, which typically yielded Ͼ85% of the epithelia expressed EGFP after 3 day infection (data not shown). For experiments overexpressing Sox2, wild-type C57BL/6J ALI culture were infected with Sox2-expressing recombinant adenovirus (Ad.Sox2) at MOIs of 10 2 or 10 4 particles/cell. In both experiments, equivalent titers of a virus lacking a transgene (Ad.Control, also called Ad.BglII) were used to infect control ALI cultures. ALI cultures were evaluated at 3 days following adenoviral infection in both types of experiments. For experiments deleting Sox2 in ROSACreERT2/Sox2
COND/COND ALI culture, 4-hydroxytamoxifen (T176 -50MG, Sigma) was dissolved in cell culture grade DMSO and added to BEGM growth medium at the time of seeding airway epithelial cells into Millicells. Cells were exposed to 4-hydroxytamoxifen (final concentration of 5 M) or vehicle (DMSO) for 96 h prior to moving cells to an ALI for 2 wk, as previously described (37) . For studies evaluating canonical Wnt-dependent changes in gene expression, mature ALI cultures (with or without conditional Sox2 knockout) were basolaterally exposed to a mixture of 100 ng/ml of active recombinant Wnt1 (ab84080, Abcam) and 100 ng/ml of active recombinant Wnt3a (ab81484, Abcam) for 72 h prior to the harvesting for total RNA. Since these recombinant proteins were lyophilized, they were directly dissolved in USG differentiation medium at the final concentration. Control Millicells were fed fresh USG medium without Wnts.
RT-PCR on ALI cultures of polarized mouse airway epithelia. ALI cultures were harvested for total RNA preparation using TRIzol reagent (SKU10296 -010, Invitrogen), and RNA was retrieved using RNeasy minikit (74104, Qiangen). Total RNA was used for cDNA synthesis with the reverse transcription kit (4368813, AB Applied Biosystems). The resultant cDNA was used for quantitative RT-PCR. Primer sets used to detect Sox2, Sox17, Lef-1, and GAPDH cDNAs are listed in Table 5 . The PCR protocol used was 40 repeating cycles of 95°C for 15 s, 61°C for 45 s, and 72°C for 1 min. Real-time quantitative PCR was performed using Bio-Rad IQ SYBR Green Supermix and iCycler iQ Detection System (Bio-Rad, Hercules, CA). The average Ct values for duplicate PCR runs were used to calculate the relative abundance of Sox2, Sox17, and Lef-1 transcripts in each sample using the ⌬Ct method [relative abundance of transcript of . Statistical analysis. Statistical significance for all comparisons was assessed using a 1-way ANOVA followed by either a Tukey's multiple comparisons test or Mann-Whitney test as described in the figure legends. Two-way ANOVA was used to assess significant interactions between Sox2 and dominant-active mutant ␤-catenin-S37A expression on transcription from the Lef-1 WT and Sox2 binding site mutant promoter-reporters. The resulting P values are two-tailed, and P Ͻ 0.05 was considered significant.
RESULTS
Sox2 and Lef-1 are expressed in distinct domains during airway SMG development.
Lef-1 expression is upregulated in the PGP at both the mRNA and protein levels, and its expression is maintained in the tips of glandular tubules as the gland matures (10, 12) . Previous studies have demonstrated that Sox2 is expressed in the surface airway epithelium (SAE) of the developing (20) and adult mouse airway (39, 45) . However, the role of Sox2 in airway submucosal gland (SMG) development has not been thoroughly investigated. Immunolocalization of Sox2 in newborn mouse tracheal tissues demonstrated that Sox2 is highly expressed in nuclei of cells in the SAE, but significantly downregulated in cells of the PGP showing upregulated levels of Lef-1 protein (Fig. 1, A, C-F) . Sox2 expression is reactivated as tubules mature and Lef-1 expression is again repressed (data not shown).
Based on the mutually exclusive expression patterns of Lef-1 and Sox2 in the newborn mouse trachea, we hypothesized that a direct regulatory relationship may exist between Sox2 and Lef-1 expression in PGPs. For example, Sox2 may repress Lef-1 expression within the SAE, and initiation of PGP formation may involve direct repression of Sox2 expression, thus allowing for Wnt-mediated activation of Lef-1. Alternatively, Wnt-activated Lef-1 may inhibit the expression of Sox2 within PGPs. To test whether the transcription of Sox2 is repressed in the PGP, we evaluated EGFP expression in the PGP from Sox2 EGFP knock-in mice that express EGFP under the direction of the endogenous Sox2 promoter. Findings from this study demonstrated that the Sox2 promoter is active in the PGP (Fig. 1G) . Additional studies evaluating Sox2 expression in the PGP of Lef-1 knockout animals confirmed that Lef-1 activation in the PGP does not participate in repression of Sox2; Lef-1 knockout mice maintained repression of Sox2 expression in the PGP as observed in wild-type mice (Fig. 1, A  and B) . Taken together, these findings demonstrate that repression of Sox2 protein expression in the PGP is posttranscriptional and unlikely to be directly regulated by Lef-1. Additionally, they are consistent with a model where Sox2 expression in the SAE acts to repress Lef-1 expression.
Given previous results demonstrating that PGPs fail to mature in Lef-1 knockout mice and that the Wnt3A pathway regulates activation of the Lef-1 promoter in PGPs (10), we hypothesized that the activation of Lef-1 gene expression during SMG development must lie downstream to changes in Sox2 expression. We further investigated the relationship between Sox2 and canonical Wnt/␤-catenin signaling during PGP formation using BAT-gal reporter mice (33) . TCF/␤-catenindependent ␤-galactosidase reporter expression was strongly observed in PGPs compared with a lack of ␤-galactosidase expression throughout the SAE (Fig. 2, A-I ). As anticipated, Sox2 protein expression was also lacking in cells of the PGP that expressed the TCF/␤-catenin-dependent LacZ reporter (Fig. 2J ). This result suggests that canonical Wnt/␤-catenin activation in PGPs may coordinate both the posttranslational regulation of Sox2 protein levels and the activation of Lef-1 expression.
Wnt stimulation and Sox2 deletion synergistically enhance Lef-1 expression in polarized mouse tracheal airway epithelium. Studies have shown that Sox2 and Sox17 can bind directly to ␤-catenin to form a transcriptional inhibitor complex that represses the expression of Wnt responsive genes (32, 55) . Furthermore, Sox17 has been shown to inhibit Wnt-mediated transcriptional activation of the Lef-1 promoter (30). Both Sox2 and Sox17 are downregulated in airway PGPs (Fig. 1 (Fig. 3A) , confirming efficient knockdown. Knockdown of Sox2 significantly increased Lef-1 mRNA levels 3.2-fold, while knockdown of Sox17 had no significant effect on Lef-1 mRNA expression (Fig. 3A) . Furthermore, knockdown of Lef-1 had no significant effect on either Sox2 or Sox17 mRNA levels.
We next used an alternative approach to conditionally delete the Sox2 gene in ALI cultures generated from ROSA-Cre-ERT2/Sox2
COND/COND mice and assess changes in the level of Sox2, Sox17, and Lef-1 transcript in the presence and absence of Wnt stimulation and/or Sox2 gene deletion. Findings from these studies (Fig. 3B) confirmed results with Ad.CRE mediated deletion of Sox2. In the absence of Wnt stimulation, Sox2 
deletion with 4-hydroxytamoxifen induced Lef-1 transcript levels 3.3-fold while leaving Sox17 expression unchanged (Fig.  3B, left panel) . Furthermore, in the presence of Wnt simulation, Sox2 deletion led to greater induction of Lef-1 transcripts (6.1-fold), which was significantly greater (P Ͻ 0.008) than that observed in the absence of Wnt (Fig. 3B, right panel) . Interestingly, in the presence of Sox2, Wnt stimulation significantly reduced Sox2 transcripts by 34%, while significantly stimulating Lef-1 transcription 1.8-fold (Fig. 3C) . These findings demonstrate that Wnt signals can influence Sox2 mRNA levels in airway epithelia. The most significant induction in Lef-1 transcripts (10.4-fold, P Ͻ 0.0001) was observed between Sox2-expressing (ϪWnt) and Sox2-deleted (ϩWnt) ALI cultures (Fig. 3C) . In contrast to Sox2 deletion, ectopic expression of Sox2 using a recombinant adenovirus did not significantly change Lef-1 transcript levels despite a Ͼ100-fold increase in Sox2 expression (Fig. 3D) . However, under this condition Lef-1 transcript levels nonsignificantly increased 1.8-to 2.6-fold in a vector dose-dependent manner above cultures infected with a control adenovirus lacking a transgene. Cumulatively, these findings support the hypotheses that Sox2 represses transcription of the Lef-1 gene in the surface tracheal airway epithelium and that Wnt signals enhance Lef-1 transcription while also partially reducing the abundance of Sox2 transcripts (Fig. 3E) . The combined deletion of Sox2 with Wnt stimulation provided the maximal induction of Lef-1 in airway epithelia. Combining these findings with those in Figs.  1 and 2 , we propose a working model for understanding Lef-1 regulation in the PGP (Fig. 3F) . In the absence of a Wnt signal, the SAE maintains high levels of Sox2, which in turn represses Lef-1 transcription. Downregulation of Sox2 in PGPs, by activated Wnt signals and likely other Wnt-controlled factors specific to the PGP, leads to derepression of the Lef-1 promoter and promotes Wnt/␤-catenin-mediated activation of transcription.
Sox2 inhibits ␤-catenin-dependent activation of the Lef-1 promoter. In previous studies, we generated transgenic mice that express LacZ or GFP from a 2.5-kb human Lef-1 promoter (10, 11, 29) . These reporter mice recapitulate endogenous Lef-1 immunolocalization patterns in tracheal PGPs, nasal PGPs, and developing hair follicles, and demonstrated that the induction of Lef-1 expression in PGPs is controlled at the transcriptional level. To test our hypothesis that Sox2 inhibits transcription of the Lef-1 promoter (Fig. 3, E and F) , we utilized this 2.5-kb human Lef-1 promoter driving firefly luciferase (30) in transient transfection assays to evaluate how Sox2 modulates ␤-catenin-dependent activation of the Lef-1 promoter. We utilized two human cell lines (A549 and HEK293) that were chosen following a screen of six cell lines for endogenous Sox2 and Lef-1 protein and mRNA expression (Fig. 4, A and B) . The A549 lung carcinoma cell line did not express Lef-1 protein or mRNA but did express moderate levels of Sox2 protein and mRNA. The 293 kidney cell line expressed low levels of Lef-1 mRNA, but lacked Lef-1 protein, and also expressed higher levels of Sox2 protein and mRNA compared with A549 cells. Thus A549 cells are more similar to the in vivo expression patterns of Sox2 and Lef-1 in the tracheal surface airway epithelial cells of neonatal mice. It should be noted that both Lef-1 mRNA (12) and protein ( Fig.  1 ) expression are limited to PGPs and not expressed in the surface airway epithelium.
Since transcription of the Lef-1 promoter has been shown to respond to canonical Wnt/␤-catenin signaling, we overexpressed a dominant-active mutant ␤-catenin-S37A in combination with various dosages of Sox2 expression plasmid. Transcriptional activity of the Lef-1 promoter increased significantly (3.8-fold in 293 cells and 3-fold in A549 cells) when Sox2 alone was overexpressed (Fig. 4, C and D) . These findings are similar to those in primary ALI cultures with forced expression of Sox2 (Fig. 3D) , although the induction of Lef-1 transcripts was not significant in this case. Studies on both A549 cells and 293 cells confirmed that the dominantactive ␤-catenin dramatically induces the Lef-1 promoter by 6.2-and 7.7-fold, respectively (Fig. 4, C and D) . Overexpressing Sox2 inhibited this induction in a dose-dependent manner (Fig. 4, C and D) . Indeed, these observations are consistent with previous findings that Sox2 can modestly induce the TCF-responsive Topflash reporter, while more significantly inhibiting ␤-catenin-dependent activation of the Topflash reporter (32) . Consistent with some level of cell-type specificity in the regulation of the Lef-1 promoter, A549 cells demonstrated a 13.4-fold reduction in ␤-catenin-dependent transcription following Sox2 overexpression (Fig. 4D) , while in 293 cells Sox2-mediated inhibition was only 3.0-fold (Fig. 4C) . This cell-type-specific difference is perhaps not surprising given that 293 cells are able to maintain endogenous Lef-1 mRNA expression in the setting of elevated Sox2 protein (Fig.  4, A and B) . This contextual biology suggests that other transcription factors likely influence Sox2 action on the Lef-1 promoter in both a positive and negative fashion, and in a manner that is controlled by the extent of ␤-catenin activation.
Sox2 binds both SOX and TCF family binding sites on the endogenous Lef-1 promoter. To confirm that Sox2 binds to the Lef-1 promoter we performed ChIP analysis in A549 cells in the presence and absence of ectopic Sox2 overexpression. A549 cells were chosen for this analysis since they most closely modeled the expression patterns of Sox2 and Lef-1 in mouse tracheal surface airway epithelia. Immunoprecipitation of Sox2 and ␤-catenin cross-linked DNA was assayed by PCR using primer sets spanning nine different segments of the 2.5-kb Lef-1 promoter sequence, including three putative SOX family binding sites (S1, S2, and S3) and five T-cell factor (TCF) family binding sites (T1, T2, T3, T4, and T5) ( Table 1 and Fig. 5A ). In A549 cells, endogenous Sox2 strongly associated with two assessed segments (T1/S1 and S2), which contain putative SOX family binding sites (Fig. 5, A and B) . Sites "T1" and "S1" were separated by only 30 bp and thus were indistinguishable by ChIP; therefore this approach could not determine if endogenous Sox2 associates with one or both of these sites in this region. Interestingly, all of the regions within the Lef-1 promoter that bound endogenous Sox2 also immunoprecipitated with ␤-catenin, which is consistent with previously reported data indicating that Sox proteins can form complexes with ␤-catenin (30, 32) . Three additional sites (T3/T4, T5, and S3) also selectively bound ␤-catenin, but not Sox2; these sites were previously shown to bind Sox17 and/or TCF4 (30) . Moreover, control IgG failed to immunoprecipitate any Lef-1 promoter DNA segments, demonstrating specificity of the assay. Furthermore, segments of the Lef-1 promoter that did not contain putative binding sites showed no PCR amplification (Fig. 5B) .
To model how Sox2 levels influence interaction with the Lef-1 promoter, ChIP analysis was performed in A549 cells transfected with a Sox2-expressing plasmid. Indeed, we found that forced expression of Sox2 led to binding within additional regions of the Lef-1 promoter. When overexpressed, Sox2 associated with three additional TCF family binding sites (T3/T4, and T5) and one additional SOX site (S3), which is within the WRE of the Lef-1 promoter. Again these sites were also associated with ␤-catenin (Fig. 5C ). Taken together, these findings demonstrate that both Sox2 and ␤-catenin can physically interact with multiple sites in the Lef-1 promoter in a dose-dependent fashion and suggest a mechanism for the inhibition of ␤-catenin-dependent induction of the Lef-1 promoter in cells that express elevated Sox2, such as the surface airway epithelium in the developing mouse tracheal airway.
Confirmation of putative Sox2 binding sites in the Lef-1 promoter by NoShift assay.
We next assessed the affinity of Sox2 binding to defined short segments of the Lef-1 promoter, focusing our analysis on the TCF (T1-T5) and SOX (S1-S3) consensus binding sites we identified by ChIP analysis. Notably, some of the TCF consensus sequences share most of their essential nucleic acids with SRY/Sox consensus sequences (CWTTGWW) (19, 30) . We first engineered a recombinant, His-V5-tagged, full-length, wild-type (WT) Sox2 protein. Biotin-conjugated, double-stranded oligonucleotides, containing each of the potential WT or mutated TCF and Sox binding sequences from the Lef-1 promoter (Table 4 and Fig. 6A ), were incubated with purified Sox2 protein and bound to streptavidincoated plates. The amount of bound Sox2 was then detected using an anti-V5 antibody. Results from these studies confirmed that more WT-Sox2 protein bound to the WT oligonucleotides, compared with the mutated oligonucleotides, containing putative sites S2 and S3, as well as TCF family binding sites T1, T2, T3/T4, and T5 (Fig. 6B) . Surprisingly, the S1 putative SOX family binding site did not associate with Sox2 in isolation, suggesting that Sox2 binding to the T1/S1 regions seen by ChIP was most likely facilitated through the T1 site. However, the combined T1/S1 oligo bound Sox2 more efficiently than T1 alone (P Ͻ 0.0024, by Mann-Whitney test), suggesting that the S1 site may either bind Sox2 in a T1-context-dependent manner or enhance the binding of Sox2 to T1.
Since we observed variable binding to mutated oligonucleotides in the above studies, two Sox2 mutants (Sox2-L97P and Sox2-M49A) that are defective for DNA binding were used as additional negative controls (Fig. 6C) . The L97P mutation was previously reported to disrupt DNA binding activity by Sox2 (23) and the M49A mutation is an analogous mutation in the HMG domain known to disrupt Sox17 DNA binding (30, 41) . 4 particles/per cell. At 3 days postinfection, the cultures were harvested and total RNA was generated. Quantitative PCR for Sox2, Lef-1, Sox17, and GAPDH transcripts was performed using reverse transcribed cDNA. The graph shows the fold change in mRNA expression for Sox2, Lef-1, and Sox17 genes (normalized to GAPDH) after Ad.CRE infection for each type of ALI cultures. Fold changes in expression were calculated using the ⌬⌬CT method comparing Ad.CRE to Ad.Control conditions. B: primary tracheal epithelial cells were harvested from ROSA-CreERT2/ Sox2 COND/COND mice and used to generate ALI cultures. During the first 96 h of seeding onto filters, cultures were treated with 4-hydroxytamoxifen or vehicle (DMSO). Cultures were then allowed to develop an ALI for ϳ2 wk and subsequently refed basolaterally with USG medium lacking (left panel, ϪWnt) or containing (right panel, ϩWnt) a mixture of Wnt1 and Wnt3a for 72 h prior to harvesting for total RNA. Quantitative PCR for Sox2, Lef-1, Sox17, and GAPDH transcripts was then performed using reverse-transcribed cDNA. The graph shows the fold change in mRNA expression for Sox2, Lef-1, and Sox17 genes (normalized to GAPDH) following treatment with 4-hydroxytamoxifen. Fold changes in expression were calculated using the ⌬⌬CT method comparing 4-hydroxytamoxifen to vehicle treatment conditions in the absence of Wnt (left panel) or the presence of Wnt (right panel). C: data from B are plotted as the relative abundance of Sox2, Lef-1, and Sox17 transcripts normalized to GAPDH (2 Ϫ⌬Ct ) in the presence and absence of Wnt and/or 4-hydroxytamoxifen. D: tracheal ALI cultures were generated from wild-type C57B6 mice and then infected with either Sox2-expressing recombinant adenovirus (Ad.Sox2) or a control virus lacking a transgene (Ad.Control) at MOIs of 10 2 and 10 4 particles/per cell. At 3 days postinfection, the cultures were harvested, total RNA generated, and quantitative PCR for Sox2, Lef-1, and GAPDH transcripts was performed using reverse-transcribed cDNA. The graph shows the fold changes in mRNA expression for Sox2 and Lef-1 genes (normalized to GAPDH) after Ad.Sox2 infection at the indicated MOIs. Fold changes in expression were calculated using the ⌬⌬CT method comparing Ad.Sox2 to Ad.Control infection conditions. The values in all panels depict the means Ϯ SE for the following number of independent ALI minicells for each data point These mutant Sox2 constructs were used as negative controls to test the binding specificity of purified Sox2 protein. These studies confirmed that significantly greater WT-Sox2 protein bound to oligonucleotides containing T1, T1/S1, T2, T4, T3/ T4, T5, S2, and S3 sites, compared with mutant-Sox2 proteins (Fig. 6C) . Interestingly, although the T3 site did not bind WT-Sox2 in isolation, inclusion of this site in the T3/T4 oligo also significantly enhanced Sox2 binding over that of T4 alone (P Ͻ 0.0120, by Mann-Whitney test), suggesting that the affinity of Sox2 at T3/T4 is synergistically enhanced by the two adjacent TCF sites. Overall, these binding studies demonstrate that Sox2 binds to numerous sites in the Lef-1 promoter and that these sites overlap with previously identified TCF binding sites.
Mutations of Sox2 binding sites in the Lef-1 promoter alter Sox2-and ␤-catenin-dependent transcriptional changes. To evaluate the functional importance of Sox2 binding sites in the Lef-1 promoter on the repression of ␤-catenin-dependent transcription, we generated three luciferase reporter plasmids harboring mutations at S1, S2, or S3 within the Lef-1 promoter (Fig. 7A) (30) . We assessed transcriptional activities of these mutated Lef-1 promoters in A549 cells expressing dominant active ␤-catenin (␤-catenin-S37A) and/or Sox2. Notably, all of these mutations significantly elevated the baseline activity of the Lef-1 promoter, suggesting that these sites may have a repressive role in Lef-1 expression (Fig. 7B) . Sox2-dependent induction of the Lef-1 promoter was significantly reduced by S1 and S2 mutations, but not the S3 mutation. All mutations retained significant induction in the presence of active ␤-catenin overexpression, but the level of induction was reduced compared with the WT Lef-1 promoter primarily due to the elevated baseline expression of the S1, S2, and S3 mutant promoters in the absence of active ␤-catenin. In this regard the level of expression of the WT vs. S2 and S3 mutant promoters was not significantly different in the presence of active ␤-catenin expression. The marginal, but significant, reduction in luciferase expression of the S1 mutant in the presence of activated ␤-catenin may reflect its close proximity to the T1 TCF-binding site that may play a role in ␤-catenin/TCFmediated transcriptional activation of the promoter. Importantly, the ability of Sox2 overexpression to inhibit ␤-catenindependent activation of the Lef-1 promoter was most significantly blocked by the mutation at the S3 site (Fig. 7B) . Analysis by two-way ANOVA, considering Sox2 and dominant-active ␤-catenin as independent variables, also demonstrated a significant interaction between Sox2 and ␤-catenin-S37A on the activity of all Lef-1 promoter constructs except the S3 mutant (Fig. 7C) ; this alternative analysis tests whether Sox2 changes the effect of ␤-catenin-S37A. The relationship between ␤-catenin-S37A and Sox2 on the activation of the Lef-1 promoter is visually apparent with each set of lines connecting the promoter activity (for each mutant and WT) in the presence or absence of overexpressed ␤-catenin-S37A and/or Sox2 (Fig. 7C) . Promoter constructs mS1, mS2, and WT demonstrate a statistically significant relationship between ␤-catenin-S37A and Sox2. However, the relationship is no longer significant in construct mS3 (Fig. 7C) , which suggests that S3 is the primary Sox site where interaction between ␤-catenin and Sox2 influence Lef-1 promoter transcription. Cumulatively, these data suggest that Sox2 regulates Lef-1 transcription independently of ␤-catenin at the S1 and S2 Sox2-binding sites within the Lef-1 promoter, while at the S3 binding site the inhibition of the Lef-1 promoter by Sox2 is ␤-catenin-dependent.
DISCUSSION
Wnt/␤-catenin and Sox signaling play important roles in regulating lung development and airway stem/progenitor cell phenotypes following injury/repair (4, 7, 8, 18, 31, 52 ). It is clear from previous studies that Wnt signaling is required for the formation of airway SMGs in mice (10) and that the induction of Lef-1 expression by Wnt/␤-catenin is critical for this process (10 -13, 16) . Sox family members play important roles in regulating Wnt/␤-catenin signals by acting as both antagonists and agonists (24, 30, 32, 41) . In the present study, we demonstrate that Sox2 represses Lef-1 expression in polarized airway epithelia, directly binds to five sites in the Lef-1 promoter, and can modulate transcription from the Lef-1 promoter through direct binding to at least three sites in the promoter (Fig. 8A) . Interestingly, Sox2 has both inductive and repressive transcriptional effects on Lef-1 promoter activities that depend on the presence of ␤-catenin activation. These findings support a role for Sox2-dependent transcriptional control of the Lef-1 promoter in the specification of glandular progenitors during both early and late morphogenic events involved in SMG development.
Localization of Sox2 and Lef-1 in the developing tracheal airway demonstrates distinct domains of expression; Lef-1 is selectively expressed in PGPs while Sox2 expression is restricted to the SAE. Cells of the PGP that induce Lef-1 and lack Sox2 expression also demonstrated significant Wnt activation. (30) . However, deletion of Sox17 in polarized airway epithelia did not significantly enhance Lef-1 mRNA expression in polarized airway epithelia. Thus, in differentiated airway epithelia, Sox2 appears to play a dominant role in suppressing Lef-1 expression. Nonetheless, it is interesting that Sox2 and Sox17 binding overlaps at three sites in the Lef-1 promoter (T3/4, S2, T5, and S3) (30) , while each transcription factor also retains a unique binding site (T1/S1 and T2) ( The initiating factor(s) that drives changes in Sox/Lef-1 expression within PGPs is currently unknown; however, several lines of evidence support the hypothesis that Wnt/␤-catenin signals coordinate these changes in expression. First, previous studies using Lef-1 promoter reporter transgenic mice crossed to Wnt3A knockout mice have demonstrated that Wnt3A signals are required for activation of the Lef-1 promoter in PGPs (10) . Second, our studies using BAT-gal mice demonstrate that ␤-catenin-dependent TCF/Lef-1 transcription is selectively activated in Sox2-negative cells of the PGPs. Third, Wnt stimulation of mouse tracheal airway epithelium represses Sox2 while enhancing Lef-1 mRNA expression. Last, deletion of Sox2 in ALI mouse tracheal airway epithelium induces Lef-1 mRNA expression in a manner synergistically enhanced by Wnt stimulation. Taken together, these findings demonstrate that Wnt/␤-catenin signals direct changes in Sox2 and Lef-1 expression within airway epithelium and thus are candidate pathways for controlling Lef-1 gene transcription in the PGP.
To clarify whether Wnt/␤-catenin signals are required for Sox2-mediated repression of the Lef-1 promoter, we performed in vitro reporter studies in transfected 293 and A549 cells. As hypothesized, Sox2 overexpression inhibited ␤-catenin-dependent activation of the Lef-1 promoter in a dose-dependent manner. This finding is consistent with selective activation of Lef-1 expression in PGPs demonstrating activated ␤-catenindependent transcription and low levels of Sox2 expression. However, we also observed that Sox2 expression alone induced transcription from the Lef-1 promoter in both 293 and A549 cells. Similarly, forced expression of Sox2 in polarized airway epithelium also demonstrated a trend to induction of Lef-1 mRNA. The latter findings are inconsistent with studies in polarized airway epithelia demonstrating that deletion of Sox2 induces Lef-1 mRNA expression in the absence of applied Wnts. One explanation for these contradictory findings could be that polarized airway epithelia maintain some level of ␤-catenin activation required for the induction of Lef-1 mRNA following deletion of Sox2. Indeed, Xgal staining of polarized airway epithelia generated from BAT-gal mice demonstrates low levels of LacZ expression that appears clonal in origin (data not shown), suggesting that a specific cellular phenotype in these epithelia maintain ␤-catenin activation. Thus we conclude that in vitro polarized airway epithelia maintain a subset of cells that are responsive to Sox2-dependent repression of ␤-catenin-dependent Lef-1 expression. Alternatively, the ability of Sox2 to activate or repress the Lef-1 promoter in cell lines, and Lef-1 mRNA expression in primary airway epithelia, could suggest that the function of Sox2 is dependent on the intensity of ␤-catenin signals.
␤-Catenin-dependent activation of the Lef-1 promoter is controlled by two or more primary TCF1 and TCF4 binding sites (T3/4, T5, and/or S3) (2, 3, 16, 26, 30) and a WRE that functions to repress transcription in the absence of a Wnt signal (Fig. 8A) (16) . Several of the TCF sites within the Lef-1 promoter have also been shown to bind Sox17 (30). Thus we assessed the extent of Sox2 binding to all known TCF and Sox Fig. 6 . Sox2 binds to several putative Sox and TCF family binding sites within the Lef-1 promoter. We analyzed the affinity of bacterially generated Sox2 to eight transcription factor-binding motifs within the Lef-1 promoter using an in vitro NoShift assay. A: schematic of the Lef-1 promoter with five TCF and three Sox family consensus binding sites. Eight wild-type and mutated biotin labeled oligonucleotides were generated to survey the Sox2 binding affinity on these binding motifs (Table 4) . B: relative Sox2 binding affinity to wild-type and mutant oligos for the indicated sites. Data represent means Ϯ SE for n ϭ 12 samples. Significant differences using the Mann-Whitney test compared with the wild-type oligo and mutated oligo for each site: *P Ͻ 0.001; ns, nonsignificant. C: relative binding of wild type Sox2, Sox2M49A, and Sox2L97P to the wild-type oligo for the indicated sites. Inset shows Western blot of His-tagged Sox2 proteins isolated from bacteria. Data represent means Ϯ SE for n ϭ 12 samples. Significant differences using the Mann-Whitney test compared the wild-type Sox2 vs. each of the mutant Sox2 forms: †P Ͻ 0.05; *P Ͻ 0.001.
binding sites within the Lef-1 promoter. Utilizing ChIP assays, we identified five Sox2 binding regions in the promoter that contained TCF and/or Sox binding consensus sequences (T1/ S1, S2, T3/T4, T5, and S3). In vitro oligonucleotide binding experiments confirm the position and sequences of these Sox2 binding sites. Native low levels of Sox2 in A549 cells bound T1/S1 and S2 sites by ChIP; these sites also bound ␤-catenin. Interestingly, ChIP Sox2 binding at three of the five sites was observed only when Sox2 was overexpressed by transient transfection (T3/T4, T5, and S3), suggesting that the level of Sox2 expression can control binding at these sites. These three sites (T3/T4, T5, and S3) all bound ␤-catenin in the absence of Sox2 overexpression, and based on previous studies, ␤-catenin binding at these sites is likely mediated through TCFs (30) . Since increased expression of Sox2 leads to binding at these sites, it is plausible that these sites compete for TCF/␤-catenin and Sox2/␤-catenin binding (Fig. 8B) .
Our findings on Sox2/␤-catenin binding to the Lef-1 promoter support a model whereby Sox2 could directly regulate Wnt-dependent transcription of the promoter in airway epithelia (Fig. 8, B) . The mechanism of suppression of Sox2 in the PGP remains unclear, but given that the Sox2 promoter is not downregulated in the PGP (Fig. 1G) , this mechanism likely involves either posttranscriptional regulation of Sox2 mRNA or posttranslational regulation of the Sox2 protein. Our studies demonstrating that Wnt treatment of polarized mouse tracheal epithelia significantly reduces Sox2 mRNA (albeit by only 34%) lend support for a posttranscriptional level of Sox2 mRNA regulation. MicroRNA-mediated regulation of Sox2 has indeed been previously reported in embryonic stem cells For all transfections, the total DNA concentration was identical (1.0 g) and normalized by adding empty-vector control plasmid (pcDNA). Background luciferase activity was determined following transfection of 1.0 g empty plasmid pcDNA, and these values were subtracted from experimental values. All transfections also contained 0.01 g of a pCMV-Renilla luciferase plasmid for normalization of transfection efficiency for each data point. Values represent means Ϯ SE of relative Light Units (RLU) at 48 h posttransfection for n ϭ 9 independent transfections. RLU values were normalized to Renilla luciferase expression for each transfection. Differences between marked comparisons were significant by the nonparametric Mann-Whitney test (comparisons to baseline expression within each group: *P Ͻ 0.01, **P Ͻ 0.005, ***P Ͻ 0.001; comparison of expression in the presence of ␤-catenin-S37A vs. Sox2/␤-catenin-S37A within each group: †P Ͻ 0.05, † †P Ͻ 0.01; † † †P Ͻ 0.001; comparisons of baseline expression across groups to wild type Lef-1 promoter:^P Ͻ 0.001). C: alternative representation of the data in B to emphasize differences in the interactions between Sox2 and ␤-catenin-S37A on expression from the various Lef-1 promoter constructs. Dashed lines indicate the changes in promoter activity (RLU) when ␤-catenin-S37A is added in the absence of Sox2. Solid lines indicate the changes in promoter activity (RLU) when ␤-catenin-S37A is added in the presence of Sox2. Significant differences were assessed by 2-way ANOVA using Sox2 and ␤-catenin-S37A as independent variables. P values shown below each dataset evaluate interaction between Sox2 and ␤-catenin-S37A (Sox2 * ␤-catenin-S37A). (44, 51) . Alternatively, Sox17 promotes proteasome-dependent degradation of both ␤-catenin and TCF proteins (41) . Whether similar mechanisms for Sox2 protein degradation exist remains to be determined. Such potential mechanisms of Sox2 regulation in the PGP warrant further investigation. However, it is most plausible that Wnt signals at sites of PGP formation signal activation of Lef-1 transcription, while these same Wnt signals simultaneously promote the degradation of Sox2 protein and/or Sox2 transcripts (Fig. 3F) . Functional mutagenesis studies of the three Sox consensus binding sites in the promoter demonstrated that mutagenesis of S3 within the WRE most significantly impairs the ability of Sox2 to repress ␤-catenindependent Lef-1 promoter transcription. These findings are consistent with previous findings demonstrating the WRE serves as a repressor of Lef-1 promoter transcription, while also being required for Wnt-mediated induction (16) . By contrast, S1 and S2 mutations most significantly impact the ability of Sox2 to induce the Lef-1 promoter in the absence of overexpressed dominant active ␤-catenin, but retain partial Sox2-mediated repression of ␤-catenin-dependent transcription. Last, S1, S2, and S3 sites all serve to repress the Lef-1 promoter in the absence of forced Sox2 expression and ␤-catenin signals, given that baseline expression of the promoter was significantly enhanced by S1, S2, and S3 muta- (16) . A, middle: primary binding sites for TCF1 and TCF4 as previously reported by others to be important in Wnt/␤-catenin activation of the Lef-1 promoter (2, 3, 16, 26, 30) . A, bottom: Sox2 and Sox17 binding sites in the Lef-1 promoter demonstrated in the present study for Sox2 by ChIP and oligonucleotide binding and a previous study for Sox17 using similar assays (30) . Sites that have been shown to bind both Sox2 and Sox17 are marked by half-white and half-black icons. The † marking denotes that the previous study (30) evaluating Sox17 and TCF4 binding by ChIP did not distinguish between binding at the T5 and S3 site, since the probe spanned both binding sites. However, data in Fig. 5 demonstrating that ␤-catenin associated with both T5 and S3 sites at steady state in the absence of Sox2 binding (i.e., without forced expression of Sox2) suggest that Sox17 and/or TCF4 likely bind to T5 and S3. B: model of proposed TCF/Sox2 occupancy of the Lef-1 promoter under various states of Wnt/␤-catenin activation and Sox2 expression. B, top: when Wnt/␤-catenin activation is high and Sox2 expression is low (i.e., in the primordial glandular placode), TCFs bound to ␤-catenin activate Lef-1 promoter transcription. B, middle: when Sox2 expression is reactivate under conditions of sustained Wnt/␤-catenin activation (i.e., during later stages of glandular tubulogenesis), the Lef-1 promoter is primarily inhibited by binding of Sox2 to the S3 site based on A549 Lef-1 promoter expression studies with the S3 binding site mutant (Fig. 7) . The TCF/Sox2 occupancy of T3/T4 and T5 sites under these conditions remains unclear, but Sox2 may also compete for TCF binding at these sites. B, bottom: when Wnt/␤-catenin activation is low and Sox2 expression is high (i.e., as seen in the surface airway epithelium), Sox2 maintains low expression of the Lef-1 promoter by binding to S1, S2, and S3. Mutations at each of these sites elevates baseline activity of the Lef-1 promoter in A549 cells (Fig. 7) . The TCF/Sox2 occupancy of T3/T4 and T5 sites under these conditions remains unclear, but Sox2 may also compete for TCF binding at these sites. This model does not attempt to predict alternative scenarios by which Sox2 overexpression can activate the Lef-1 promoter in A549 cells through binding to the S1 and S2 sites. Mutations at either of these sites blocks Sox2-mediated activation of the Lef-1 promoter in A549 cells (Fig. 7) .
tions. Thus we propose a model whereby the level of Sox2 and the intensity of ␤-catenin signals dynamically control Wnt-dependent transcription of the Lef-1 promoter by binding to unique sites and sites that overlap with TCF/␤-catenin binding (Fig. 8B) .
In summary, our studies have demonstrated that Sox2 binds to multiple sites in the Lef-1 promoter to dynamically regulate transcription. The ability of Sox2 to repress transcription from the Lef-1 promoter in the presence of Wnt/␤-catenin signals may be an important mechanism to coordinate spatial and temporal regulation of Lef-1 during PGP formation and glandular morphogenesis. Such findings provide new insights into how Sox family proteins contribute to the context-dependent control of Wnt/␤-catenin signaling.
